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Abstract. During the July 2011 Deriving Information on backscatter and extinction out to 2.5km distance from the
Surface conditions from Column and Vertically Resolved cloud edge. Furthermore, in situ measurements made from
Observations Relevant to Air Quality (DISCOVER-AQ) aircraft vertical profiles over an AERONET site during the
field experiment in Maryland, significant enhancements inexperiment also showed large increases in aerosol scatter-
Aerosol Robotic Network (AERONET) sun-sky radiometer ing and aerosol volume after cloud formation as compared to
measured aerosol optical depth (AOD) were observed in théefore. The 15-year AERONET database of AOD measure-
immediate vicinity of non-precipitating cumulus clouds on ments at the Goddard Space Flight Center (GSFC), Maryland
some days. Both measured Angstrom exponents and aerossite, was investigated in order to obtain a climatological per-
size distribution retrievals made before, during and after cu-spective of this phenomenon of AOD enhancement. Analysis
mulus development often suggest little change in fine modeof the diurnal cycle of AOD in summer showed significant in-
particle size; therefore, implying possible new particle for- creases in AOD from morning to late afternoon, correspond-
mation in addition to cloud processing and humidification ing to the diurnal cycle of cumulus development.

of existing particles. In addition to sun—sky radiometer mea-

surements of large enhancements of fine mode AOD, lidar

measurements made from both ground-based and aircraft-

based instruments during the experiment also measured largle  Introduction

increases in aerosol signal at altitudes associated with the

presence of fair weather cumulus clouds. These data shofne of the more difficult issues concerning the analysis and
modifications of the aerosol vertical profile as a result of femote sensing of the forcing agents of climate change is the
the aerosol enhancements at and below cloud altitudes. Th@onitoring of interactions between clouds and aerosol par-
airborne lidar data were utilized to estimate the spatial ex-ticles. While there is no dispute that clouds significantly af-

retrievals of AOD are more likely biased towards co-varying

Published by Copernicus Publications on behalf of the European Geosciences Union.



11634 T. F. Eck et al.: Rapid aerosol optical depth enhancements near clouds

cloud contamination or illumination bias than physical pro- to be very fast when conditions are favorable. In labora-
cesses (e.g., Ignatov et al., 2005; Zhang et al., 2005; Zhantpry chamber produced clouds, Hansen et al. (1991) found
and Reid, 2006; Marshak et al., 2008; Smirnov et al., 2012;that up to 80 % of S@was oxidized to sulfate within min-
Reid et al., 2013). Thus, a significant challenge to the cli-utes or less when in the presence of ammonia, while no sul-
mate science community is to link remote-sensing measurefate was produced when all water was in the vapor phase.
ments of potential changes in aerosol optical depth (AOD)Loughner et al. (2011) simulated the conversion of, 3®
to Cloud Condensation Nuclei Concentration (e.g., Kaufmansulfate for a summer fair weather cumulus cloud environ-
and Fraser, 1997) or to secondary particle production, freement in the Washington, D.C.—Baltimore region. They found
of retrieval artifacts. Indeed, if the community’s wish to per- that realistic spatial simulations of cumulus clouds that pro-
form comprehensive top-down inventories of aerosol particleduced the most clouds subsequently transported moge SO
production is to be fulfilled, high frequency observations andaloft and produced the best agreement with measured sul-
inverse modeling of the aerosol environment around clouddate and SQ concentrations. Similarly for nitrate, Hayden
will be required. However, as previously stated passive re-et al. (2008) found through both in situ measurements and
mote sensing in the vicinity of clouds is problematic. There- modeling that the production of nitrate aerosol occurs during
fore, non-lidar remote-sensing data sets from satellites araqueous-phase reactions within cumulus clouds. They found
typically biased towards measurements made away from théhat the size of the resultant cloud processed or residual ni-
immediate vicinity or edges of clouds, in addition to typi- trate particles were smaller than sulfate particles formed in
cally having little aerosol information when cloud fraction is the same clouds. Additionally, the modeling studies of Shri-
very high. This bias towards low cloud fraction meteorolog- vastava et al. (2013) found significant residual nitrate aerosol
ical conditions also applies to ground-based remote-sensingroduction associated with cumulus clouds, which were con-
observations such as from sun—sky radiometers, although teistent with observations made near Oklahoma City during
a lesser extent than from satellite. A fundamental question ishe Cumulus Humilis Aerosol Processing Study (CHAPS).
then the following: how accurately can the relative signal of Finally, in a review of secondary organic aerosol (SOA) mea-
aerosol production and growth/humidification around cloudssurement and modeling studies, Ervens et al. (2011) deter-
be observed? mined that SOA formation in the agueous phase (in both
The aerosol environment around clouds is well recog-cloud droplets and aerosol water) is significant, possibly con-
nized to be complex. One must consider larger-scale air-massibuting as much mass to total SOA as particles formed in
changes associated with cloud fields as well as the poterthe gaseous phase.
tial for large-scale secondary particle production. The rela- Sun photometers monitor the regional ambient aerosol
tionships between cloud cover and column particle load carstate of the total integrated atmospheric column. There is
be a result of a buildup in boundary layer aerosol particleno adjacency effect in sun photometer data when measure-
concentrations from cloud processing, or simply meteoro-ments of AOD are made in close proximity to clouds, and
logical transport covariance. Many investigations have foundthe much higher effective spatial and temporal resolution,
evidence of higher aerosol concentrations in the immediatesuch as from instruments in the Aerosol Robotic Network
vicinity of cumulus clouds, forming so called halos. These (AERONET), allows for much less potential cloud contam-
halos are in part a combination of detrained aerosol particlesnation. The spectral deconvolution method (O’Neill et al.,
from cloud base, higher humidity, and hence hygroscopic2003), which separates fine and coarse mode AOD, further
growth and production of secondary aerosol particle massisolates potential cloud effects. Zhang et al. (2005) and Jeong
For example, Radke and Hobbs (1991) from in situ aircraft-and Li (2010) examined satellite and sun photometer derived
based measurements found aerosol concentrations that weA®©Ds for marine and continental clouds, respectively. The
twice as high in the near-cloud environment of small cumu-findings of Zhang et al. (2005) suggest that 70 % of the in-
lus (at 200—300 m above cloud bases) as those far from thereased satellite signal in AOD in the vicinity of clouds is
clouds, and these near-cloud regions also had high relativeue to cloud contamination, with the remaining 30 % due to
humidity and high turbulence. hygroscopicity or secondary production. For clouds in Okla-
The dominant and rapid oxidation pathways for sulfate, ni-homa, Jeong and Li (2010) found, from both sun photometer
trate and organics in clouds has been long recognized by thand in situ data, enhanced AOD near clouds and that only
community. Lelieveld and Heintzenberg (1992) suggested~ 25 % of the enhancement was due to humidification, while
that sulfate production in clouds by oxidation within cloud most was due to the combined effects of new particle for-
droplets is the dominant factor governing sulfate concentramation, cloud processing of particles and convergence of air
tions, and they estimated that sulfate under goes multiple (3n clouds. Eck et al. (2012) presented evidence of aerosol
to 7) condensation—evaporation events within clouds in a typ-growth through cloud processing after the evaporation of ex-
ical one week lifetime. Lu et al. (2003) observed enhancedtensive fog or low altitude stratus (layer) clouds, with re-
relative humidity halos (RH) around marine trade wind cu- trieved size distributions from AERONET showing bimodal-
mulus and also found evidence of particle formation and/ority similar to that measured by various in situ field measure-
modification in the halo region. These reactions are thoughments.
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To add vertical resolution to aerosol monitoring, active re-
mote sensing of aerosol from lidar measurements does ng
have the issue of cloud adjacency effects that passive satef :
lite measurements do, and the screening of cloud contaming e
tion is also significantly more robust from lidar data. Tack- s
ett and Girolamo (2009), Varnai and Marshak (2011) andi "
Yang et al. (2012) have all analyzed Cloud—Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO) li- &
dar data over oceans to investigate the relationship betweed
aerosol signal and clouds. Yang et al. (2012) analyzed the &
highest confidence CALIPSO space-based lidar data to in g
vestigate the relationship between aerosol signal (backsca
ter) and distance from clouds and also the size of clouds
They found that the aerosol signal has a sharp increase withijgs
4 km of clouds with the color ratio suggesting larger particles|
near clouds, and also that the aerosol backscatter increase
greater for larger size (horizontal dimension) clouds, possi-@
bly since larger clouds often have a greater vertical extent ané
can affect a deeper layer of the atmosphere. Su et al. (200§
utilized high-spectral-resolution lidar (HSRL) observations
made from aircraft to study the aerosol in close proxim-
ity to clouds for flights made in August in the mid-Atlantic Figure 1. The DISCOVER-AQ Maryland July 2011 field experi-
and Southeastern United States region. They found AOD enment region is shown. The yellow, orange and purple markers de-
hancements in the vicinity of clouds, with AOD at 532 nm note the location of AERONET sun-sky radiometer sites, mostly
that were 8-17 % higher at 100 m from clouds as comparedsS DRAGON field cgmpaign dep_loymgnts. A typ_ical fI_ight cir(_:uit
to 4.5km distance from clouds, with no systematic ChangeOf the NASA PS-.B aircraft |s.dep|cted in green with spiral profiles
in lidar ratio observed implying little change in particle size M2d€ over principal ground-instrumented sites.
and absorption.

During July 2011 an extensive field experiment provided
an ideal opportunity to investigate remote-sensing signals of
air pollutants. In the current paper we analyze the AERONET 10 ;
measurements of AOD in the proximity of fair weather (non- s : '

R : L . < L .
precipitating) cumulus clouds during this field campaign. We z 08| H i 3 b 1
also analyze coincident in situ measurements from aircrafte 4 ’ ’ k

. . = 3 . L 3
of aerosol both before and after non-precipitating cumulusg e L g
cloud formation, and additionally both ground-based and air-a 0.6 | §! ; i i f 5‘2 v _
borne lidar measurements to observe the aerosol optical ef< 7 { i !. !ig ] 53 T
fects both temporally and spatially in the near environment of§ !3 W i . gg HR ;;‘: : i B
fair weather cumulus clouds. Finally, we examine the AOD = 04 | ‘3 ‘i S c§ b i
climatology at the GSFC, Maryland site, to analyze the possi-;Z ' '| : § = f .
ble influence of cumulus clouds on the diurnal cycle of AOD. | LAl i ll; : I BTN N
)
‘ ‘l J "* Dragon_Essex ' .
b Site ] :
2 Instrumentation and methodology 00 b
Jul04 Jul09 Julld4 Jull9 Jul24 Jul29
2.1 DISCOVER-AQ Maryland campaign and Figure 2. Fine mode AOD at 500 nm determined from the spectral
associated DRAGON network deconvolution algorithm (SDA) utilizing measured direct sun AOD

spectra from 380 to 870 nm as input, from all measurements taken at
The field experiment titled Deriving Information on Surface the DRAGON_Essex site (near Baltimore) during July 2011. These
conditions from Column and Vertically Resolved Observa- data have not been screened for clouds (Level 1 data), since SDA
tions Relevant to Air Quality (DISCOVER-AQ) in Mary- identifies cloud optical depth as coarse mode AOD. Instantaneous
land was conducted during the month of July 2011. Repeatedine mode 500 nm AOD ranged from 0.04 to 1.00 over the entire
profiles were flown on 14 days in this month in order to make applied, however, as does all Level 1 data analyzed in this study.
in situ aerosol and gas measurements and also downward

www.atmos-chem-phys.net/14/11633/2014/ Atmos. Chem. Phys., 14, 1183856 2014



11636 T. F. Eck et al.: Rapid aerosol optical depth enhancements near clouds

viewing lidar measurements (see Sects. 2.5 and 2.6 below}ion measurements are used to compute aerosol optical depth
AERONET deployed over 40 Cimel sun-sky radiometers(AOD) at each wavelength except for the 940 nm channel,
in a meso-scale Distributed Regional Aerosol Gridded Ob-which is used to retrieve total column water vapor (or pre-
servation Network (DRAGON) in Maryland from north of cipitable water) in centimeters. The filters utilized in these
Washington, D.C. to nearly the Delaware border in supportinstruments were ion assisted deposition interference filters
of the DISCOVER-AQ field campaign in July 2011 (Fig. 1). with bandpass (full width at half maximum) of 10 nm, ex-

In Fig. 2 we present the fine mode AOD retrievals derived cept for the 340 and 380 nm channels at 2 nm. The estimated
from measurements made at a representative AERONET sitancertainty in computed AOD, due primarily to calibration
(DRAGON_Essex) for the entire month of the campaign. uncertainty, is~0.010-0.021 for field instruments (which
Based on the assumption that aerosol size distributions aris spectrally dependent with the higher errors in the UV;
bimodal, O’'Neill et al. (2001, 2003) developed the spectralEck et al., 1999). Schmid et al. (1999) compared AOD val-
deconvolution algorithm (SDA) that utilizes spectral total ex- ues derived from 4 different solar radiometers (including an
tinction AOD data to infer the component fine and coarseAERONET sun-sky radiometer) operating simultaneously
mode optical depths. An additional fundamental assumptiortogether in a field experiment and found that the AOD val-
of the algorithm is that the coarse mode Angstrém exponenties from 380 to 1020 nm agreed to within 0.015 (root mean
and its derivative are both close to zero. The Angstrom ex-square), which is similar to our estimated level of uncertainty
ponente and the spectral variation of (as parameterized in AOD measurements for field instruments. For some of the
by o’ =da/dIn)) are the measurement inputs to the SDA. analyses presented, the spectral aerosol optical depth data
These continuous-function derivatives (computed here at dave been screened for clouds following the methodology of
reference wavelength of 500 nm) are derived from a secon@&mirnov et al. (2000), which relies on the higher temporal
order fit of In AOD vs. InA (Eck et al., 1999). The mea- frequencies of cloud optical depth vs. aerosol optical depth,
sured spectral AODs employed as input to the SDA wereespecially optical depth triplet variability within one minute.
limited to the five Cimel wavelengths ranging from 380 to Triplet variability is defined as the maximum minus mini-
870 nm. The AERONET data in Fig. 2 were not screenedmum AOD of the three values taken in a one-minute time
for clouds (Level 1; see Sect. 2.2 below), since O’'Neill et interval for each wavelength, with all spectral channels be-
al. (2003) have shown that SDA identifies cloud optical depthing checked for triplet range. AOD measurements pass the
as the coarse mode AOD component. Analysis by Chew ebersion 2 cloud screening when triplet variability is less than
al. (2011) of AERONET measured spectral AOD in con- either 0.02 or 0.020D (whichever value is higher). The
junction with lidar data in Singapore has shown that thesky radiances measured by the sun—sky radiometers are cali-
SDA technique effectively separated the coarse mode (cirbrated vs. frequently characterized integrating spheres at the
rus cloud contamination, as identified by lidar) from the to- NASA Goddard Space Flight Center (GSFC), to an absolute
tal optical depth without affecting the fine mode component.accuracy of~ 5 % or better (Holben et al., 1998).

Additionally, Kaku et al. (2014) have verified that the SDA

technique is also effective in separating the fine and coars@-3 AERONET inversion methodology

modes from in situ spectral optical measurements. During the . ) ,

DISCOVER-AQ campaign, the fine mode AOD derived from The C|mgl sky radlance measurements in the aImucgntar ge-
SDA exhibited a very wide range of values during this month ometry (fixed elevation angle equal to solar elevation and

at the DRAGON_Essex site, from 0.04 to 1.00 (Fig. 2), with +180" azimuthal sweeps) at 440, 675, 870 and 1020nm
measurements made every day of the month. (nominal wavelengths) in conjunction with the direct sun
measured AOD at these same wavelengths were used to re-

22  AERONET instrumentation tr?eve. optical equivallent3 co_lumn inFegrat.ed a}erosol s.ize Qis—
tributions and refractive indices. Using this microphysical in-

The Cimel Electronique CE-318 sun—sky radiometer meaformation the spectral dependence of single scattering albedo
is calculated. The algorithm of Dubovik and King (2000)

surements were made with instruments that are a part of

the Aerosol Robotic Network (AERONET) global network. \{vith e.nhancemen.ts detailed in Dubovik.et al. (2006) was uti-
These instruments are described in detail by Holben efiZéd in these retrievals, known as Version 2 AERONET re-

al. (1998); however, a brief description is given here. Thelrievals. Only Version 2 and Level 2 quality assured retrievals

automatic tracking sun and sky scanning radiometers madéolben etal., 2006) are presented in this paper, unless other-
direct sun measurements with a Ll field of view ev- wise noted. The Version 2 AERONET algorithm determines

ery 15 min at 340, 380, 440, 500, 675, 870, 940 and 1020 nnthe percentage of spherical and spheroidal particles required

(nominal wavelengths: includes the 1640 nm channel in ex 10 give the best fit to the measured spectral sky radiance an-

tended wavelength Cimel versions). The direct sun measuredular distribution. Further details on the Version 2 algorithm

ments take- 8 s to scan all wavelengths (repeated three time<2nd the improved specification of surface bidirectional re-
within a minute), with a motor driven filter wheel position- 11€ctance can be found in Dubovik et al. (2006) and Eck et

ing each filter in front of the detector. These solar extinc- al. (2008).
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Almucantar sky radiance measurements were made at ojgnd AERONET retrievals for sea salt and desert dust, re-
tical air masses of 4, 3, 2 and 1.7 (75, 70, 60 antd$alar  spectively. Smirnov et al. (2003) showed reasonable agree-
zenith angle, respectively) in the morning and afternoon, andnent between AERONET retrievals of size distributions and
once per hour in between. In order to ensure sky radiancén situ measurements for aerosols of marine origin. Simi-
data over a wide range of scattering angles, only almucanfarly, Johnson and Osborne (2011) have shown good agree-
tar scans at solar zenith angles greater tha(® are an-  ment between aircraft in situ measured size distributions and
alyzed and presented here. In order to eliminate cloud conAERONET retrievals for coarse mode dust in the Sahel re-
tamination from the almucantar directional sky radiance datagion of West Africa.

AERONET requires the radiances to be symmetrical on both

sides of the sun at equal scattering angles, and symmetriz.4 Micro-pulse Lidar (MPL)

radiances from both sides are subsequently averaged. Direc-

tional sky radiance measurements that are not symmetricallicro-pulse lidar (MPL) systems were used to obtain ver-
(due to cloud on one side or inhomogeneous aerosol distributical profiles of aerosol and cloud backscatter at the GSFC
tion) are eliminated, and the minimum number of measure-and Edgewood sites. The baseline measurement obtained
ments required in given scattering angle ranges for a Level Zrom an MPL (either at 527 or 532 nm, depending on model)
retrieval are shown in Holben et al. (2006). The stable perds an attenuated backscatter profile, the result from molec-
formance of the inversion algorithm was illustrated in sen-ular and particle backscatter contributions that are attenu-
sitivity studies performed by Dubovik et al. (2000) where ated due to the atmospheric transmission loss. These pro-
the perturbations of the inversion resulting from random er-files can be extremely useful for the interpretation of ver-
rors, possible instrument offsets and known uncertainties irtically resolved atmospheric temporal dynamics for both
the atmospheric radiation model were analyzed. Their workclouds and aerosols. The system at GSFC is based on the
employed retrieval tests using known size distributions tostandard MPL Type 4 model that is part of the NASA Mi-
demonstrate successful retrievals of mode radii and the relero Pulse Lidar Network (MPLNET) project (Welton et al.,
ative magnitude of modes for various types of bimodal size2001) that routinely provides processed data available from
distributions such as those dominated by a sub-micron accuthe project’s website hftp://mplnet.gsfc.nasa.gpvDuring
mulation mode or distributions dominated by super-micronthe DISCOVER AQ campaign, additional Sigma Space MPL
coarse mode aerosols. Although very few direct comparisonsystems were deployed by University of Maryland Baltimore
of size distribution between in situ and AERONET retrievals County (UMBC) at multiple locations in the Baltimore—
have yet been published, there are several aerosol types MWashington region to provide supplemental profile coverage
specific regions that have been or can be compared. FoBerkoff et al., 2012). These systems, including the one at
example, Reid et al. (2005) presents a table were the volEdgewood, utilized a version of the Sigma Space lidar re-
ume median radius of smoke from various major biomassferred to as mini-MPL. These systems are based on the MPL
burning regions, South America, southern Africa, and Northconcept, but at a significant reduction in size and weight,
America (boreal, temperate), are compared. For all three ofmaking setup more practical for temporary field deploy-
these regions, the volume median diameters of the in situments. Data from these systems were processed by UMBC
vs. the AERONET retrievals are often within0.01 um of  (along with quick-look images), and are available by ground-
each other. Similarly, for fine mode pollution in the Ara- site hame in the DISCOVER-AQ archivét{p://www-air.

bian Sea during the Indian Ocean Experiment (INDOEX), larc.nasa.gov/missions/discover-ag/discover-aqg)htmi

Clarke et al. (2002) presented lognormal fits of volume size The NASA MPLNET (Welton et al., 2001), is a fed-
distributions from aircraft and ship in situ instrument mea- erated network of ground-based MPL (532-527nm, Spin-
surements that showed average accumulation mode volumigirne et al., 1995) produced by Sigma Space and commer-
peak radius values of 0.17-0.18 um with geometric stan<ially available . The eye-safe lidar instruments, deployed
dard deviations of 1.43 (aircraft) and 1.51 (ship) for obser-worldwide, provide continuous information on the vertical
vations made under high aerosol scattering conditions. Thistructure of the atmosphere, collecting measurements au-
compares well with retrievals made at Kaashidhoo Islandtonomously in all meteorological conditions. Global mea-
Maldives (in the same region), when AOD(440nm)> 0.4, surements of aerosol and cloud microphysical and optical
of 0.18 ym median radius and width of 1.49 (AERONET properties over a temporal period relevant to climate varia-
Version 2 averages from 1998-2000). For larger sub-micrortions contribute to a better comprehension of their influence
sized aerosols, Eck et al. (2010) discussed the relatively closen radiative transfer and are therefore important in climate
agreement for Pinatubo stratospheric aerosol observations @hange studies. In addition, the network provides ground val-
~0.56 um peak volume radius from AERONET retrievals idation for models and satellite sensors in the frame of NASA
to 0.53 um effective radius from in situ stratospheric aircraft Earth Observing System (EOS).

measurements, as reported by Pueschel et al. (1994). In the MPLNET is based on a federated approach, allowing inde-
coarse mode (super-micron radius), Reid et al. (2006, 2008pendent research groups to join the network and set up their
showed excellent agreement between in situ measured sizevn site. Data processing and data storage is centralized at
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NASA GSFC, enabling a common set of algorithms to benominal 8 h duration in the Washington, D.C.—Baltimore,
applied to all sites, ensuring continuity in the data. MD, area in July 2011, with each flight normally involv-
Single wavelength elastic backscattering lidars rely oning two to four vertical profiles (spirals) per site, from 0.3
critical assumptions to retrieve optical properties of aerosol¢o 3.2km (pressure altitude), over the Beltsville, Padonia,
(Fernald, 1984) that affect measurement accuracy. The inverFairhill, Aldino, Edgewood and Essex sites (see Crumeyrolle
sion of the lidar equation is greatly improved and simplified et al., 2014 for more details). The NASA P-3B was equipped
by the presence of a sun photometer co-located with the liwith in situ aerosol instruments to measure microphysical,
dar (Marenco et al., 1997). As a consequence, when possibl@ptical and chemical properties of aerosols. Aerosols were
the MPLNET sites are co-located with AERONET sun-sky sampled through an isokinetically controlled inlet designed

radiometers. for clear sky sampling only. Data contaminated by cloud
penetrations (droplet shattering on the inlet tip) were identi-
2.5 High-spectral-resolution lidar (HSRL) fied visually via high particle number concentration and thus

removed. During nominal conditions, particles smaller than
The NASA Langley Research Center (LaRC) airborne 4 pum diameter are efficiently transmitted (McNaughton et al.,
HSRL-1 (Hair et al., 2008) measured profiles of aerosol ex-2007) and delivered to a comprehensive suite of aerosol in-
tinction (532nm), aerosol optical depth (AOD) (532 nm), struments.
backscatter (532 and 1064 nm) and depolarization (532 and Simultaneous measurements of aerosol size distribu-
1064 nm) while deployed on the NASA Langley Researchtion, scattering dsca) and absorption ozp9 coefficients
Center UC-12 King Air aircraft during the DISCOVER-AQ and aerosol chemical composition were made during
mission. The HSRL-1 measurements were acquired belowDISCOVER-AQ. An ultra-high sensitivity aerosol spec-
this aircraft which flew at an altitude of about 9 km above trometer (UHSAS, Droplet Measurement Technologies) per-
sea level (a.s.l.). This airborne lidar uses the HSRL techformed size distribution measurements (1 Hz frequency) of
nique to independently retrieve aerosol (and tenuous cloudiiry aerosol with diameters from 0.06 to 1.0 um. The UH-
extinction and backscatter (Grund and Eloranta, 1991; She é6AS was calibrated with polystyrene latex spheres (PSL) and
al., 1992; Shipley et al., 1983) without a priori assumptionspost-corrected with ammonium sulfate in order to provide
on aerosol type or extinction-to-backscatter ratio. The LaRCoptical particle sizing most representative of ambient aerosol.
HSRL-1 employs the HSRL technique at 532nm and the Along with the size distribution measurements, dry scat-
standard backscatter technique at 1064 nm. It also measurdsring coefficient§sca) measurements were made at 1 Hz us-
depolarization at both wavelengths. The instrument is selfing a three-wavelength nephelometer (TSI 3563) operating at
calibrating at 532nm for measurements of cloud—aeroso#50, 550 and 700 nm at RH less than 40 %. The nephelome-
backscatter and extinction, unlike standard backscatter lidarter was calibrated using filtered air and £@nderson and
that are empirically calibrated by assuming that the aerosolDgren, 1998) prior to, during, and after the mission. The scat-
contribution to backscatter is either negligible or known at tering coefficient has been corrected from angular truncation
some altitude. The HSRL-1 is also self-calibrating at botherrors and illumination intensity issues based on Anderson
532 and 1064 nm for measurements of depolarization. Theand Ogren (1998). The comparison of thgat,drymeasure-
overall systematic error associated with the backscatter calments to the modeledscat dry Calculated using Mie theory
ibration is estimated to be less than 2-3%. Under typicalreveals good agreement (slope of 0.990.004 andr? of
conditions, the total systematic error for extinction is esti- 0.98) and gives confidence in both th&atdryand dry size
mated to be less than 0.01 kfat 532 nm. The random er- distribution measurements (Ziemba et al., 2013). An addi-
rors for all aerosol products are typically less than 10 % fortional and parallel three-wavelength integrating nephelome-
the backscatter and depolarization ratios for the nominal avier operating at a RH controlled at 804 % (Ziemba et al.,
erages noted (Hair et al., 2008). Rogers et al. (2009) vali2013) was used to measure the wet scattering coefficient. The
dated the HSRL extinction coefficient profiles and found thatsample flow routed to both nephelometers was actively dried
the HSRL extinction profiles are within the typical state-of- using a Nafion dryer (Perma-Pure FC-125-240-10PP) which
the-art systematic error at visible wavelengths (Schmid et al. efficiently passed accumulation mode aerosol (> 90 % trans-
2006). During the DISCOVER-AQ deployment, the HSRL mission).
acquired approximately 100 h of data over the Baltimore— An empirical dependence of the scattering coefficient on

Washington, D.C. area during 27 flights in July 2011. relative humidity (Kasten, 1969; Carrico et al., 1998) is
used to estimate the particle hygroscopicity and to con-
2.6 Airborne in situ aerosol instrumentation vert the measured extinction coefficient from degx dry)

to the ambient humidity conditionssdytamn. Ziemba et
In addition to the UC-12, the NASA P-3B aircraft was in- al. (2013) compared in situ extinction coefficient measure-
volved during the DISCOVER-AQ and both were sampling ments (adjusted to 532 nm) coincident with remote-sensing
in coordination with surface networks during field cam- observations performed by the HSRL (measured at 532 nm).
paigns. The NASA P-3B aircraft performed 14 flights of This comparison revealed good agreement (slope 1.11 and
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R? =0.88) consistently over the entire ambient RH range 14 —————————————————————
within instrumental uncertainty. The good agreement demon- DRAGON—LE;ieeXl ﬂ)y 5,2011 &
strated that (1) all the particles observed by the HSRL are 12 | P Prre— E
within the sampling size range of the in situ measurements * 1020 nm 3
(i.e., particles observed in this region are smaller than the £ 1.0 |- * §7snm f? 1
inlet cutoff diameter of 4 um) and (2) the empirical param- & L daenm £
eterization is valid to correct observations performed at dry 3 0.8 - © 340nm _f‘ A
RH to ambient conditions. g- %
Aerosol chemical composition measurements were made 3 06 i
with a pair of particle-into-liquid samplers (PILSS). The first = 04 |
PILS was coupled to a total organic carbon (TOC) ana- <™
lyzer (Sievers Model 800) to give the mass of the water- 02 |
soluble organic carbon at a 10 s time resolution. The output
of the second PILS were collected in 0.8 mL vials for later 0.0

ion chromatographic measurement of sodium, ammonium,
potassium, calcium, magnesium, chloride, nitrite, nitrate and

21

sulfate. Sampling intervals for the inorganic analysis varied
between three to five minutes. 20
= s
E 19 2 '
3 Results e e e |ToT440-870nm
% —e—380-500 nm
g 18 bt iy
3.1 AERONET surface measured AOD before and after N ——§=153+95leTx RZ0.0455
cumulus cloud development § 17 3 v
. . . ?JJ ’ ’ ; ‘.O? 1)
In this section we focus on two days during the month of 2 16 :&_ S i -
July 2011 where large diurnal dynamics in measured AOD ;y S ’.& : " - :
were noted at some AERONET sites within the DRAGON 15 & ¥ .
network. On 5 July 2011, the DRAGON_Essex sitel@ km . .
east-northeast of downtown Baltimore) showed a particularly 14
large increase in AOD near solar noor 17:00UTC) as 8:20 1107 13:53 16:40 19:27 22:13 25:00

shown in Fig. 3a. In fact the AOD at 500 nm jumped from Time UTC

~0.33 tONQ'58 in only 13 min "fm_d remained similarly high Figure 3. (a) The time series of spectral AOD measured at the
for the remainder of the day. This is the Level 1.0 AERONET DRAGON_Essex AERONET site on 5 July 2011, for data with
data with no cloud screening applied, in order to includeng cloud screening (Level 1.0). The bars shown-aralf of the
data that has high temporal variance, particularly high tripletAoD triplet range (maximum-minimum AODIb) The time series
variance. During this time period when AOD increased by of the Angstrém exponent computed for two wavelength intervals
approximately 75% in only minutes, the Angstrém expo- from the same data as (), including the linear fit to both.

nent remained relatively constant with no significant tem-

poral trend throughout the day. The temporal regression fit

to the 440-870 nm Angstrom exponent (Fig. 3b; computedclimatological data at the GSFC, Maryland site (> 1600 re-
by linear regression of the 440, 500, 675 and 870 nm AOD)trievals). Only data where the AOD at 440 nm is greater than
showed nearly zero slope and an average value of 1.97, ind.2 and fine mode fraction >90 % are shown, in order to in-
dicating the dominance of very small fine mode particlessure high accuracy in both the computations of Angstrém
and no significant cloud contamination (Eck et al., 1999; exponent and in retrievals of the fine mode radius for accu-
Holben et al., 2001). The short wavelength Angstrém expo-mulation mode dominated cases. The second order polyno-
nent from 380 to 500 nm (computed by linear regression ofmial fit of fine mode radius vs. 440-870 nm Angstrém expo-
380, 440 and 500 nm AOD) is more sensitive to small vari- nent only explained- 43 % of the variance, while the 380—
ations in submicron particle radius (Reid et al., 1999; Eck500 nm Angstrém exponent explained76 % of the vari-

et al., 2001). This, however, also remained relatively stableance thereby quantifying the greater sensitivity of the shorter
with the regression only accounting for4 % of the vari-  wavelength Angstrém exponent to fine mode particle size.
ance, thereby suggesting no significant change in fine mode It is noted that the AOD measurement frequency made
particle radius. In Fig. 4 we show the relationships betweenat the DRAGON_Essex site (Fig. 3a) is much greater than
these Angstrom exponents and volume median radius of théhe standard 15min interval of AERONET. For this cam-
fine mode from AERONET almucantar retrievals using the paign several Cimels were operated with a 3 min sampling
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035 interval, the range of AOD from the three measurements
Y = MO + M1 + . MBHE + M9 made 30s apart are also plotted in Fig. 3a depicting the full
o o measured AOD range (maximum-minimum) as equal-length

03 M2 0.036754 bars. This AOD range or triplet variability is notably larger in
R 97638 the afternoon hours vs. the morning, indicating much greater

SFC, Marylangd 1998-2009

1603 O et high frequency variation in AOD in the afternoon during

the time of cumulus cloud development. In fact, the triplet
range was high enough to exceed the cloud-screening triplet
range threshold (0.02; Smirnov et al., 2000) for most af-
ternoon observations (see Sect. 4) for the AERONET Ver-
sion 2 Level 1.5 and 2 databases (both having automated
cloud screening).

Figure 5 shows the time series of total, fine and coarse
mode daily average AOD at 500 nm from the SDA algo-

evations

0.25

e
v
.

e
-
wm

Volume Median Radius - Fine (um)

¥

05 1 15 2 25 rithm for several AERONET sites on 5 July 2011. These are
Angstrom Exponent (380-500 nm) Level 1 data (non-cloud-screened), but with full calibrations
035 applied, which have had the SDA algorithm applied to the
YN Mt MENT MO AOD spectra. The coarse mode AOD at the most of these
M1 -0.36929 sites are~0.01-0.025 nearly all day suggesting that almost
03 " o079t all of the variability in total AOD is due to fine mode pol-

lution aerosol. The locations of these sites are shown on the
MODIS Aqua image from 18:30UTC (early afternoon) on
this date. From Fig. 5 it is noted that sites in near prox-
imity to the larger cumulus clouds showed significant after-
noon increases in fine mode AOD (see BLDND and MNKTN
sites for examples), while sites that were in relatively cloud-
less regions or had mostly small cumulus cloud cells showed
relatively stable AOD from morning through afternoon (see

GSFC, Maryland 1998-2009
)bservations

Volume Median Radius - Fine (um)

:§:’.'J'3'-"".t GSFC and CLRST sites for examples).
0.1 ) It is noted that there is substantially less cloud contamina-
12 14 16 18 2 224 24 tion from cumulus clouds vs. cirrus clouds in the AERONET
Angstrdm Exponent (440-870 nm) Version 2 Level 1.0 AOD data. This is due to the signifi-

Figure 4. Relationship between the fine mode radius retrieved fromf:antly larger temporal variance of cloud optical depth (COD)

the Dubovik and King (2000) algorithm and the Angstrém expo- N cumulus and higher optical depths of most cumulus clouds
nent (for two different wavelength intervals) for the GSFC site. The COmMpared to most cirrus clouds. Thus the AQOD triplet vari-
Level 2.0 (cloud screened and quality assured) climatological dataability (the principal cloud-screening check) typically shows
from 1998 to 2009 are shown for AOD (440 nm) > 0.2 and fine mode significantly more temporal variance due to cumulus cloud
fraction > 0.90. presence than for cirrus clouds. Of course for all clouds the
COD is underestimated relative to true cloud optical depth
due to strong forward scattering by large (relative to aerosol
interval to obtain higher temporal resolution data. For the en=ize) cloud droplets or ice crystals into the Cimel instrument
tire morning interval of measurements £0:30-17:00UTC) field of view. However, this effect is less for typical water
there were no gaps in the measured AOD except for sky radroplets in cumulus clouds{20-40 % underestimate) than
diance scans made at optical air masses-df 3, 2 and for largerice crystals in cirrus{up to 100 % underestimate)
1.7 (corresponding to solar zenith angles~o¥5, 70, 60 as shown by Kinne et al. (1997) for simulation of the effects
and 54, respectively) and hourly afterwards. This implies of cloud on sun photometer measurements. Additionally, al-
very low cloud cover fraction, and in fact hourly geostation- though the Level 1.0 AOD data do not have the AERONET
ary operational environmental satellite (GOES) East visiblecloud-screening algorithm of Smirnov et al. (2000) applied,
images show relatively cloudless skies over the site throughhere is still a basic filter of large temporal variance of the
the morning hours. However, the afternoon AOD data at thesignal applied to all Level 1.0 data. The direct sun mea-
site show large gaps, for example most of hour 18:00 andsurement data are not included in the AERONET Level 1.0
also from~20:40 to 22:20UTC, and satellite data (both data set if the variance of the raw signal is very high within
GOES and moderate resolution imaging spectroradiometethe triplet sequence. The variance threshold applied is based
(MODIS) Agua; see below), indicate significant cumulus on the root mean square (RMS) differences of the three di-
cloud cover. In addition to the average AOD in a one-minuterect sun triplet measurements relative to the mean of these
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Figure 5. The Aqua MODIS satellite image centered on the UMBC site for 5 July 2011, showing the locations of selected AERONET sites.
The time series of the fine and coarse mode AOD for each of these AERONET sites as determined by the spectral deconvolution algorithm
(SDA) are also shown.

three values. If the (RMS/meafP0 % of the triplet values is  of sky radiances associated with variable aerosol loadings.
greater than 16 % then the data will not be used for computaEven during the DISCOVER-AQ campaign when there were
tion of AOD and the data will not appear in the Level 1.0 data 40 Cimels distributed in central Maryland, there were very
set. This temporal variance threshold primarily removes datdew sites/dates when almucantar retrievals were made be-
that are affected by clouds with large spatial-temporal vari-fore and after cumulus cloud development at sites that ex-
ance in COD. This effectively removes much of the cumulushibited large increases in AOD associated with cloud pres-
cloud contaminated data, although some of the thinner edgesnce. One of these rare cases occurred on 5 July 2011 at the
with lower COD do remain in the data; see the decreases iDRAGON_MNKTN site (located in Monkton, Maryland).
Angstrém exponent in Fig. 6b and the increases in coars@he spectral AOD and related Angstrém exponents for this

mode AOD in Fig. 8b for examples. case are shown in Fig. 6a and b, respectively. Large gaps in
direct sun measured AOD occurred after 15:20 UTC associ-

3.2 AERONET retrievals of aerosol size distributions ated with the cumulus clouds, and the AOD increased signif-
before and after cumulus development icantly, except for some cloud contamination in two observa-

tion points between 17:00 and 19:00 UTC when AOD and
High quality retrievals of aerosol optical properties from al- its triplet variability increased significantly and Angstrém
mucantar sky scan retrievals are very difficult to achieve inexponents decreased sharply. Except for the two partially
situations where there is a significant cloud fraction presentcloud contaminated points there was no trend observed in
The presence of clouds typically precludes enough meathe 440-870 nm Angstrém exponent from before, during and
surements of cloud free sky radiance to be able to meeafter cumulus development, with values very high, mostly
retrieval thresholds (Holben et al., 2006) that were deter->2.1; thereby indicating that the increase in AOD was domi-
mined necessary in order to have a sufficient aerosol signated by fine mode particles with minimal coarse mode con-
nal for a robust retrieval. Additionally, the spatial variance tribution. The shorter wavelength Angstrém exponent (380
of AOD associated with cumulus interactions may also re-500 nm), however, exhibited a slight decrease in time start-
sult in large retrieval errors due to irregular angular varianceing at ~1.74 in the morning and ending at1.64 in the

www.atmos-chem-phys.net/14/11633/2014/ Atmos. Chem. Phys., 14, 1183856 2014
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late afternoon, suggesting a slight increase in fine mode par-
ticle size (Reid et al., 1999; Eck et al., 1999, 2001). The
Level 2 retrievals of volume aerosol size distributions on
this date/site are shown in Fig. 6¢, with two retrievals made
in the morning before cloud formation and two after most
clouds had dissipated in the late afternoon. These retrievals
also show the dominance of fine mode to the total AOD
with very low coarse mode AOD (coarse particles have ra-
dius >0.76 um; inflection point between modes), computed
as ranging from 0.009 to 0.012 for the four almucantars
shown. The retrieved fine mode size distributions show a dis-
tinct increase in the particle radius for the larger size radius
values of the mode, while the minimum radius envelope of
the fine mode remains constant. Computations of the median
radius of the fine mode show an increase from 0.15 pm for
the two morning retrievals vs. 0.17 um for the two afternoon
retrievals. These size distribution retrievals and 380-500 nm
Angstrém exponent both suggest that at least some of the in-
creased AOD (0.54 at 440 nm in afternoon vs. 0.25 in morn-
ing) was associated with particle growth, likely from humid-
ification (Twohy et al., 2009; Ziemba et al., 2013) and/or
cloud processing.

Another case where retrievals of aerosol size distribu-
tions were made before, during and after the cumulus cloud
convection cycle occurred at the GSFC site, not during the
DISCOVER-AQ campaign but on 15 July 2013. The Aqua
and Terra MODIS images (Fig. 7a and b) show very few
cumulus clouds at- 15:30 UTC vs. significant cumulus de-
velopment at 18:45UTC. Both the spectral AOD (Fig. 7c)
and fine mode AOD from SDA suggest very large relative in-
creases in the time interval when fair weather cumulus were
present relative to the morning, a threefold increase of AOD
at 440 nm. Retrievals of aerosol size distribution were made
before significant cloud formation (11:20 to 14:15 UTC; four
retrievals), during a break within the cumulus convective cy-
cle (20:15UTC) and late in the day (23:09 UTC) likely af-
ter cumulus clouds had largely dissipated (Fig. 7c). While
the coarse mode remained relatively constant (coarse AOD
varied from~ 0.02 to 0.04 as computed from the retrievals)
the amplitude of the fine mode size distribution increased
dramatically. The fine mode volume median radius com-
puted from the two afternoon retrievals was quite small at
~0.137 um, significantly smaller than the morning values
which ranged from- 0.16 to 0.175 um. These smaller radius
fine mode particles during and after Cu cloud development
suggest possible new particle formation from Cu cloud in-
teraction or humidification of Aitken mode particles, rather
than humidification of existing accumulation mode particles
or cloud processing of existing accumulation mode particles
on this day.

ternoon, both before and after cumulus cloud formation and then

dissipation.
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Figure 7. Both Terra and Aqua MODIS imagé€a) and(b) centered on the GSFC site (blue circle) on 15 July 2013. The spectral AOD time
series from this dayc) and the volume size distribution retrievéth from before, during and after cumulus cloud formation are shown.

3.3 Ground-based MPL LIDAR observations of aerosol 2 km per hour. Higher spatial resolution can be gained by ex-
enhancement near cumulus clouds amining MODIS on Terra and Agua at 250 m resolution
between 15:30 and 18:45UTC (Fig. 8a, bottom row), when
Perhaps the most complete description of localized and rapigdignificant non-precipitating convection developed through-
AOD enhancement occurred on 10 July 2011. The morningout the region.
air over the greater Washington, D.C.—Baltimore area was The fine and coarse mode AOD retrieved from AERONET
nearly cloudless on this date. Examination of the 12:00 UTCmeasurements (Fig. 8b) at the GSFC site indicate significant
Dulles airport radiosonde showed light winds on the or-increases in fine mode AOD during the period of cumulus
der of 2-4kmh' and ~50% RH to 1.5km altitude. No cloud development described above. Additionally, the GSFC
Terra MODIS retrieval (late morning) of AOD at 550 nm was site has a continuously operating ground-based MPL instru-
above 0.3 within hundreds of kilometers of the study region.ment that is part of the MPLNET global network of ground-
Figure 8a shows a time series of GOES 13 visible imagesbased lidars (Welton et al., 2001). Figure 8c shows the MPL
At 14:15UTC the very first signs any cloud activity was measured vertical profiles of the total attenuated backscat-
observable, only in the southern part of the image. Withintering, in blue, and the molecular attenuated backscattering,
an hour, cumulus humilis covered the entire region, and byin red, at two different times (21:43 UTC upper; 12:29UTC
16:00 UTC, many cells had grown significantly to congestuslower). This analysis methodology for lidar data verifies that
size. At 18:00 UTC, congestus cells were fully developed,the normalization in the aerosol-free region is correct. As can
with clear areas around these cells likely due to downdraftse seen, the blue and red curves are coincident above 3.7 km
between the large clouds. Importantly, one can observe a negwhere the aerosol signal is minimal and the molecular sig-
lack of movement in these cells. Noted with arrows are threenal dominates). In this figure the area between the red curve
example cells in the research domain that we followed inand the blue curve is proportional to the AOD, therefore the
imagery nearly every 15 min; they are moving at less than
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profiles measured from micro-pulse lidar network (MPLNET) at the GSFC site on this same date from before and after cumulus formation,
depicting both total and molecular backscattering.

larger the area, the higher the AOD. It can be seen in Fig. 8®uring this period of time the fine mode AOD increased sig-
that there is a difference of an order of magnitude betweemificantly, by a factor of 2—3 from the time before cumulus
the two blue curves at around 2 km, while at lower and higherdevelopment. The co-located MPL lidar attenuated backscat-
altitudes, the difference is about a factor of 4 or 5. Thereforeter signal composite (Fig. 9c) confirms a sharp increase in the
at ~2km between 12:29 and 21:43UTC there was a largeaerosol backscatter signal at around.7 km from 19:00 to
increase in aerosol signal coincident with the increase in cu23:00 UTC, showing a complex situation with simultaneous
mulus cloud fraction (Cu height base height determined frompresence of aerosols and clouds. The latter can be easily de-
MPL data varied from 1.4km at 16:10UTC to 1.7 km from tected on the composite plot, as due to the high optical depth
17:351t0 23:15UTC). the signal is completely attenuated after few hundred meters
Several surface-based MPL instruments were co-locatedrom cloud base shown in black in the plot. Cloud bases de-
at selected AERONET sites during the Maryland DRAGON termined from lidar at the Edgewood site on this day were
campaign in July 2011 (Berkoff et al., 2012). In Fig. 9a we primarily distributed at- 1.8 km above ground level (a.g.l.).
show the AERONET measured time series of spectral AOD
on 10 July 2011 at the Edgewood site, which also had a3 4 Airborne HSRL observations of aerosol
MPL instrument. The SDA retrieval of fine and coarse mode
AOD (Fig. 9b) shows that fine mode dominates the temporal

variance except for the first observation point that is cloud .
contaminated.pFor this first point, the clopud is cirrus (alti- The NASA Langley HSRL (Hair et al,, 2008; Rogers et al.,
2009; Burton et al., 2010, 2013) was flown on the NASA

tude > 8 km; Fig. 9¢) and therefore at a much higher altitude . o .
than the principal aerosol layer. Note that the fine mode AODUC'12 King A|'r aircraft on 14_days during the DISCOVER-
Maryland field campaign in July 2011. Here we focus on

for this one mixed aerosol—cloud observation is consistenfo‘Q

with the subsequent non-cloud contaminated observationstzhoellHSRL me_asurer'r:ents maclie_m tf|1e afternoon (;)fbloHJSuFIQ{
The late afternoon AOD from 19:00 to 21:00 UTC shows to Investigate the aerosol signal as measured by

many data gaps due to cumulus clouds obscuring the sul! the V|cm|ty of _cumulus CIOL_’dS' HSRL "d".’“ pulses were.
made at 2 s time intervals during the campaign, and analysis

enhancement near cumulus clouds
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lidar measured time series of attenuated backscatter coefficleat this same site and date. Note that cumulus cells first appearing at
~19:00 UTC resulted in complete attenuation of the laser signal, showing as black above the cloud level.

of the data provided 30 m vertical resolution for the aerosolto 200 m above cloud top to help isolate cloud influences on
backscatter signal and 300 m vertical resolution for aerosokerosol parameters.
extinction. Figure 10a shows an example lidamtain of Figure 10c shows the inferred aerosol extensive parame-
aerosol backscatter from 15 min of HSRL profiles taken onters retrieved from HSRL data as a function of distance from
10 July 2011, with the resulting data extending 080 km clouds. The total vertically integrated AOD from ground sur-
linear distance. Collocated digital images (Fig. 10b showsface level to 7 km (aircraft altitude) decreased by an aver-
an example) coupled with the lidar profiles allowed for de- age of~20-25% from near the cloud to 4.5km distance
termination of the distance from clouds in all directions of from cloud, with most of this decrease occurring in the
the individual lidar profiles. These data were utilized to in- closest 2.5km to cloud edge. Therefore, the HSRL data
vestigate aerosol properties adjacent to clouds compared tshow AOD enhancement in the near-cloud vicinity, consis-
those some variable distance away from clouds. The HSRItent with that suggested by the AERONET data in Sect. 3.1
data provides the unique perspective of being able to investifor selected sites on the same date 10 July 2011. The mag-
gate the spatial extent of the influence of cumulus clouds omitude of the change in AOD associated with clouds was
aerosol properties. For most parameters (except total columgreater than 25% at the Edgewood and GSFC AERONET
AOD), the lidar profile data were averaged from 50 m below sites than that observed by HSRL for all clouds averaged
on the same date. This may be due in part to possible
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Figure 10. (a) Downward viewing HSRL measured backscattering coefficient (532 nm) from a 15 min flight segment corresponding to a
~90 km transect on 10 July 2011 in the Maryland study regibpAn example digital camera image taken coincident with the HSRL data

in order to determine the distance from cloud of each lidar scan pa)s@erosol extensive parameters (backscatter, extinction, and AOD)
inferred from HSRL data as a function of distance from the cloud e@fjederosol intensive parameters (depolarization, lidar ratio, and
backscatter wavelength dependence) inferred from the HSRL data as a function of distance from the cloud edge.

smaller effects (magnitude and spatial extent) for smallerwere also utilized to investigate selected intensive aerosol op-
cumulus cloud cells, as the HSRL is averaged regardlestical properties as a function of distance from cumulus cloud
of cloud size, while the cumulus cells near to these twocell edges. In Fig. 10d the lidar ratio and backscatter wave-
AERONET sites shown had larger size cumulus cells. Yangength dependence (1064 /532 nm) show no significant trend
et al. (2012) found relatively larger increases in CALIPSO as a function of distance from cloud edge. Both of these pa-
measured aerosol backscatter associated with larger horrameters are largely dependent on aerosol size and secondar-
zontal dimension clouds. For cumulus clouds in the inter-ily absorption properties (Ackermann, 1998; Miller et al.,
tropical convergence zone over the eastern Pacific near MeX2007; Sasano and Browell, 1989); therefore, the HSRL data
ico, Jiménez-Escalona and Peralta (2010) analyzed in sitgsuggest that there is little change in aerosol size associated
aircraft observations showing large increases in AOD fromwith the cloud enhanced aerosol signal, which is consistent
near to clouds (within 500 m) to 1500 m away from clouds with AERONET measured Angstrom exponent (Fig. 3b).
(an average of a factor of 10 increase), for deep convectivéHowever, aerosol depolarization increasesb§0-40 % as
clouds with bases- 300 ma.s.l. and tops exceeding 6 km.  distance from the cloud edges increases from near cloud
HSRL measured aerosol backscatter and extinction neato 2.5km from the cloud. This is consistent with the pos-
the cloud altitude of~2-2.5kma.g.l. both decreased by sibility of the aerosol being more spherical in shape near
~50-60 % from near clouds te 2.5 km from cloud edges. the clouds (Murayama et al., 1996; Sassen, 2000), which
These aerosol enhancements at cloud altitude are quite largaay occur as a result of humidification, cloud processing,
and the result is a significant restructuring of the aerosol verand new particle formation in the clouds. This behavior of
tical profile, as can be seen in Fig. 10a, with the creation ofaerosol extensive (backscatter, extinction, AOD) and inten-
an enhanced layer aloft. Studies by Ford and Heald (2013%ive (lidar ratio) parameters is similar to that measured by
and Wonaschuetz et al. (2012) both found significant modifi-the HSRL-1 and the ground-based Raman lidar above the De-
cation of aerosol vertical profiles as a result of cumulus cloudpartment of Energy Southern Great Plains Climate Research
influences on aerosol production/modification. HSRL dataFacility during the Cumulus Humilis Aerosol Processing
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Study (CHAPS-June 2007) and Routine ARM Aerial Facil- the layer from 1 to 2.5km. According to previous studies
ity (AAF) Clouds with Low Liquid Water Depths (CLOWD) (Blando and Turpin, 2000; Ervens et al., 2011), the formation
Optical Radiative Observations (RACORO-June 2009) cam-of SOA through cloud processing is highly plausible. Henni-

paigns (Ferrare et al., 2011). gan et al. (2008) found that the fraction of WSOC in the parti-
cle phase increases sharply with RH. The positive correlation
3.5 Airborne in situ observations of aerosol with liquid water rather than with organic matter (Hennigan
enhancement near cumulus clouds et al., 2009) suggests that aqueous reactions were the domi-

nant SOA formation process rather than gas-phase reactions.
In situ measurements were made within the aerosol layeMoreover, the inorganic analysis, integrated over a 3-5min
from aircraft during the DISCOVER-AQ Maryland cam- period (limited to few data point per profiles), show an in-
paign during July 2011. These data were taken at altitudesrease by a factor of 1.5 of the sulfate concentration (from
a.g.l. ranging from~ 0.3 m to 3.2 km in spiral flight patterns 1.6 ug nm23 before the cloud formation up to 2.5 pgaf-
lasting ~ 15 min over selected sites. These in situ aerosolter the cloud formation), while the nitrate concentration do
measurements were acquired from the NASA P-3B aircraftnot show any significant evolution. This study case could be
by the NASA Langley Aerosol Group Experiment (LARGE; used to test the new schemes described by Lim et al. (2010),
Ziemba et al., 2013; Crumeyrolle et al., 2014) utilizing their which take into account the wet processes for SOA forma-
instrument package to characterize aerosol chemical, optition, and improve numerical models to better take into ac-
cal and microphysical properties. Here we consider the incount the cloud processing products in this particular area.
situ measurements made on 10 July 2011 from spiral flights
made over the Edgewood site. This is the same case (site.6 MODIS satellite sensor retrievals of AOD associated
and date) as the AERONET AOD and MPL lidar data shown with cumulus cloud development
in Fig. 9a and c, respectively. In Fig. 11a the vertical pro-
files of dry scattering coefficient at 550 nm measured fromThe multi-angle implementation of atmospheric correction
four spiral flights at the Edgewood site are shown. Two of (MAIAC) algorithm (Lyapustin et al., 2011, 2012) was uti-
these profile flights occurred before cumulus cloud forma-lized to process MODIS sensor Terra and Aqua satellite data
tion and two profiles after cloud formation (see the time se-for the 500 km area that included the DRAGON-2011 cam-
ries of AOD and lidar backscatter in Fig. 9). As seen in the paign domain. MAIAC uses a time series analysis (TMS) ap-
figure, the scattering coefficients are significantly higher af-proach and processing of pixel groups for simultaneous re-
ter cloud formation, especially for altitudes ranging fren trievals of land surface bidirectional reflectance and AOD at
to ~2.5km, by a factor up te- 1.8. This is consistent with high spatial resolution (1 km). MAIAC also uses TMS to es-
the general altitudes of enhanced backscatter as measuréablish characteristic spatial surface reflectance patterns and
by MPL lidar for this case (Fig. 9c), and also by HSRL for then subsequently detects clouds based on deviation from
the region on this day (Fig. 10a). The integration of the dry this pattern (Lyapustin et al., 2008). The MAIAC cloud mask
aerosol size distribution measured by the UHSAS providess enhanced by an additional screening of aerosol retrievals,
the aerosol volume concentration shown in Fig. 11b for theincluding filtering of low Angstrém exponent values and also
same four spiral flights. Similarly, the aerosol volume showsa spatial variability test that filters high AOD outliers. The
significant increases after cumulus cloud formation frerh threshold used for this AOD outlier check is a dynamic func-
to 2.5 km altitude. This volume concentration increase is duetion of the local cloud fraction. MAIAC also derives the col-
to an increase of the aerosol number concentration fram  umn water vapor from MODIS NIR measurements in the wa-
to ~1.5km and then an increase of the aerosol mean diamter vapor absorption region of 0.9—0.94 um.
eter above 1.5km. Indeed, the aerosol number concentration The standard MAIAC algorithm was used to process Terra
(from ~1 to ~ 1.5 km) was on average about 1500°che- MODIS data (mornings) which were generally cloud-free in
fore the cloud formation and over 2200 ¢mfter the cloud  the locations of interest. The standard value reported here is a
formation. The mean geometric diameter values are shifting3 km x 3 km average, which helps suppress the noise of indi-
from 130 nm below 1.5km to 200 nm above 1.5km. Thesevidual 1 km retrievals. On the contrary, during the afternoon
results seem to indicate two different process that depend oAqua overpass the standard algorithm produced no data on
the localization of the cloud: (1) particle formation and/or 10 July 2011 and 15 July 2013 in locations of interest due
redistribution of aerosols below the cloud base leading to arto high cumulus cloud fraction. The potential retrievals were
increase of the aerosol concentration (Weigel et al., 2011filtered by the check for high AOD outliers.
and (2) cloud processing of existing aerosols above the cloud In order to perform TMS data processing, MAIAC origi-
base leading to an increase of the aerosol diameter as sugally grids all data to 1 km resolution. To preserve the spec-
gested by Hoppel et al. (1986) and Levin et al. (1996). Thetral content of measurements at equivalent spatial scales, the
analysis of the aerosol chemical composition shows a strongurrent gridding procedure first aggregates the higher spa-
increase of the water-soluble organic carbon (WSOC) by dial resolution bands (e.g., 250 and 500 m) to 1 km, and then
factor of 2 (up to 6 ug m? after the cloud formation) within  these 1 km swath data are gridded uniformly along with the
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Figure 11.In situ measurements of dry scattering coeffici@ytnd

aerosol volumeb) from vertical profile flights from the NASA . . . . .
P3-B aircraft made over the DRAGON_Edgewood site on 10 JulySOr'S field of view mostly by Rayleigh scattering. This effect

2011. Two profile flights made before cumulus formation (in red) i noticeable at short wavelengths (e.g., in the blue band) and
and two afterward (blue) are shown. The time series of the AOD andcan increase retrieved AOD. While MAIAC does not directly
lidar backscatter for this same site and date are shown in Fig. 9c. account for these 3-D effects, it still filters the suspicious
cases. The filter is based on the Angstrém exponent com-
puted from AOD independently retrieved at 0.47 and 0.66 um
native 1 km bands (e.g., 0.412 um). This approach effectivelyover dark surfaces. The 3-D effects would give unrealistically
reduces the resolution in the blue band (0.466 um) whichhigh Angstrém exponent values (e.g., above 3.5), which are
could be obtained by gridding of the original 500 m mea- filtered.
surements, and may introduce some cloud fraction contam- A different type of 3-D effect is frequently observed
ination in clear grid cells adjacent to clouds. These effectsover brighter surfaces in conditions of broken cloudiness.
often increase retrieved AOD on the border of clouds, whichlt is caused by multiple scattering between the surface and
is normally captured by the high AOD outlier filter. For these clouds, with photons eventually re-directed into the gap be-
reasons, we turned off the AOD outlier filter and then out- tween the clouds. In these cases, the red-band enhancement is
put the MAIAC results based on the minimum AOD in each significantly larger than the blue-band enhancement (in pro-
+3km area, yielding afternoon overpass Aqua data for 5 angortion to the surface reflectance), and therefore, such cases
10 July 2011 and 15 July 2013. produce both enhanced AOD and a very low Angstrém ex-
Presently, 3-D effects are not considered directly in MA- ponent typical of dust. Such cases are challenging and we are
IAC retrievals. Indeed, the side-scattering from clouds (usu-still working to resolve these in MAIAC retrievals.
ally in the backscattering direction) creates an additional In all the cases investigated, the MAIAC algorithm
source of radiation which is further scattered into the sen-has detected an AOD enhancement that occurred between
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Figure 13. Similar to Fig. 12, but for MODIS sensor images from Figure 14. Similar to Fig. 12, but for MODIS sensor images from

10 July 2011, at the Terra overpass time of 15:30 UTC (top) and at15 July 2013, Terra satellite (top) at 15:30 UTC and Aqua satellite
Aqua overpass of 18:50 UTC (bottom). (bottom) at 18:50 UTC

MODIS Terra and Aqua overpasses (morning to afternoon)retrieval. In fact the AERONET data exhibit a temporal gap
On 5 July 2011 (Fig. 12) the retrieved Terra overpassat Aqua overpass time on this day at the GSFC site even for
(15:15UTC) AOD of 0.31/0.19 agrees well with AERONET Level 1 data prior to cloud screening, due to clouds obscuring
measured AOD interpolated to 0.466 pm (0.35/0.21) at thethe sun. This example illustrates the difficulty in retrieving
Essex/MNKTN site locations, respectively. The standardAOD from satellite observations when in close proximity to
3km x3km average MAIAC afternoon Aqua overpass clouds (in this case with non-precipitating cumulus clouds).
(18:30UTC) data are 0.4/0.41 increasing to 0.47/0.435 forRetrievals of actual elevated AOD that sometimes occur in
retrievals without application of the standard AOD out- close proximity to cumulus cells are also at times mixed with
lier filter. These data fall within the range of AERONET some high AOD retrievals that are cloud contaminated. Al-
measurements for the same time intervals: for instancethough moderate and high-resolution retrievals of AOD pro-
0.38 (17:11UTC)-0.54 (19:45UTC) at Essex, and 0.24vide valuable information, much caution is required in order
(17:26 UTC)-0.51 (19:11 UTC) at MNKTN. to interpret passive satellite retrievals of AOD in close prox-
On 10 July 2011 (Fig. 13), the MAIAC algorithm re- imity to clouds (Zhang et al., 2005; Remer et al., 2013; Mun-
trievals showed an AOD increase from 0.25 at 15:30 UTCchak et al., 2013).
(Terra) to 0.59 at 18:50UTC (Aqua) at the Edgewood site,
vs. AERONET AOD of 0.265 at 15:26 UTC to 0.397 at
18:45UTC and 0.554 at 19:37 UTC. Note that this is the4 Discussion
same site and date of the observed AOD enhancement by
MPL lidar and by AERONET measured AOD as shown in The long-term monitoring data set at the GSFC site in sub-
Fig. 9. At the GSFC site the Aqua overpass time AOD re-urban Maryland, which was within the 2011 DISCOVER-
trieval from MAIAC was 0.62 at 466 nm, relatively close to AQ regional distribution of sites, provides a climatological
the AERONET measured AOD of 0.56. This is also an in- context to the phenomenon of the diurnal aspects of cloud—
dividual case which we examined in detail in Fig. 8, utilizing aerosol interaction from convective clouds. The GSFC site
MPLNET lidar data and AERONET AOD spectra. is the inter-calibration location for the NASA portion of
Finally, on 15 July 2013 (Fig. 14) at the GSFC site, the AERONET federated network. As such, the Cimel sun—
the MAIAC retrieved Terra AOD is 0.135 (15:30UTC; the sky radiometers that are the designated site instruments for
AERONET measured AOD was 0.11) while Aquais 0.6 at the database at GSFC are all calibrated at the high altitude
18:50 UTC. However, the AERONET measured AOD near-Mauna Loa Observatory (MLO) in Hawaii. The MLO Lan-
est in time to the afternoon Aqua overpass time, interpolatedjley technique calibrations for these reference instruments
to 466 nm was~ 0.23; thus, suggesting that there was sig- are highly accurate, resulting in AOD uncertainty~00.002
nificant cloud contamination affecting this particular satellite to ~ 0.005 (Eck et al., 1999; Shaw et al., 1983), and these
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Figure 15. The GSFC site climatology for July (1997-2011) of the hourly absolute AOD departures from the daily mean values. The pinch
point on the blue bars are the medians, the upper and lower limits of the blue bars represent the 75th and 25th percentiles, and the width o
the bars is proportional to the number of observations in each hour. The red dots are the hourly mean absolute departures and the red line i
the relative AOD departure (right sideaxis). The left panel shows the analysis for the fine mode AOD without cloud screening (Level 1.0)

and the right side panel shows the Level 2 Version 2 cloud screened total AOD.

are the master reference Cimels used for inter-calibration ofations before solar noon and three after solar noon to com-
AERONET field instruments. These small uncertainties inpute the daily values in order to analyze days with sufficient
AOD at GSFC result in less uncertainty in AERONET re- sampling to characterize the diurnal variation. The red dots
trievals, both from the SDA algorithm (O’Neill et al., 2003) in Fig. 15 are the hourly mean absolute departures of AOD
and the Dubovik algorithm (Dubovik and King, 2000) than from the daily mean, and the red line is the relative fractional
at other AERONET sites. Since we are focusing on cloud—AOD departures (righy axis) from the daily mean. First, it
aerosol interaction in this study, we rely mainly on the SDA is noted that there are more than twice as many days of data
retrievals of fine and coarse mode AOD, since good qualincluded in the Level 1 analysis (242 days) as for the cloud
ity sky scan retrievals are typically not feasible in scatteredscreened Level 2 (114 days). The same analysis but with the
to broken cumulus cloud fields (as discussed previously incriteria of only 1 h of data required both before and after so-
Sect. 3.2). This is especially true in close proximity to a lar noon resulted in only~ 20 % less days of data for the
cumulus cloud edge, where the maximum enhancements ihevel 2 analysis compared to Level 1, but with nearly iden-
AOD occur, as inferred from measurements made by HSRLtical looking data as Fig. 15. The widths of the blue bars de-
airborne lidar (Sect. 3.4), and since AOD enhancements nearnoting data density show much less variation across the diur-
Cu cells result in spatially non-homogeneous aerosol distri-nal cycle for the Level 1 data than Level 2 due to relatively
butions which violate an assumption of relative spatial ho-much more cloud screening of data in Level 2 from near noon
mogeneity in AOD for the almucantar retrieval. through most of the afternoon when cumulus are most likely
We focus on the hourly climatological statistics for the to develop. The non-cloud-screened fine mode AOD exhibits
month of July (same as the 2011 DISCOVER-AQ Maryland smooth hourly increases in AOD from the morning to the af-
experiment) at the GSFC site, utilizing the data from 1997ternoon, as compared to the cloud screened Level 2 AOD that
through 2011 (15 years). In Fig. 15 we compare the hourlyshows a slight increase followed by a decrease in the mid-
statistics of the Level 1 data of fine mode AOD from SDA, afternoon and sharp increase in late afternoon. We argue that
where no cloud screening is applied but final calibration pro-the diurnal trend in the Level 1 fine mode AOD results from
cessing is applied, to Level 2 AOD data, where the cloud-the cumulus cloud convective cycle and the AOD enhance-
screening algorithm of Smirnov et al. (2000) is applied andments associated with these clouds. In contrast, the slight de-
data have also been quality assured. The blue bars in the figsrease and relatively flat AOD in mid-afternoon in the Level
ure represent the absolute departures of hourly AOD from2 AOD results from the cloud screening of the data near to
the daily mean (lefty axis), giving the median value at the clouds from larger triplets in this dynamic near-cloud envi-
pinch point and the 25th percentile and 75th percentile valuesonment yet still large Angstrém exponents. We show indi-
and the top and bottom of the bars. Additionally the widths vidual day and site examples of this in Fig. 16 for two sites in
of these blue bars are proportional to the number of days othe DISCOVER-AQ campaign in July 2011. The sparseness
hourly observations that are included in the hourly statistic.of Level 2 data in the afternoon is contrasted with numerous
We have required that there be at least three hourly obsertevel 1 AOD measurements in the afternoon in both cases.
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Figure 16. Examples of non-cloud-screened (Level 1) vs. Level 2 Version 2 cloud screened AOD time series for the DRAGON_Essex
(a) and(b) and DRAGON_BLDND sitegc) and(d) in Maryland on 5 July 2011.

Similarly, both cases where almucantar retrieval analysis wag®\OD near cumulus cells in the Level 2 data, largely due to
presented in Sect. 3.2 also show larger triplet AOD obserdarger high frequency AOD variation (larger AOD triplets). It
vations in mid-afternoon that exceed the Version 2 cloud-is noted that there is no significant diurnal trend in Angstrém
screening thresholds for AOD variability in a one minute exponent (440-870 nm) from hours 9 through 16 local hours
interval. This tendency of eliminating the AOD associated (range of only~ 0.02) for both the Level 1 or Level 2 data,
with convective clouds during some afternoon time intervalsthus strongly suggesting that these diurnal patterns are not
likely results in the Level 2 data set being weighted moresignificantly affected by cloud contamination. These analy-
towards lower AOD days when cumulus clouds do not de-ses therefore suggest that the diurnal cycle AOD investiga-
velop. In support of this hypothesis we present a simplertions based on Level 2 AERONET data in both Smirnov et
analysis of diurnal hourly fine mode AOD in Fig. 17, where al. (2002) and Zhang et al. (2012) have not taken into ac-
AOD averages are computed for each hour and Level 1 andount the effects of cumulus cloud influences on AOD in this
Level 2 fine mode AOD compared. This analysis uses dataegion in summer, and therefore missed a part of the true
from the three-month summer season (June through Augustjiurnal cycle of AOD. We note that the future AERONET
at GSFC for the same 15-year interval as shown in Fig. 15Mersion 3 cloud-screening algorithm will allow more AOD
The differences in the Level 1 vs. Level 2 fine mode AOD observations in the near-cumulus cloud environment, primar-
are only~0.01 in the early morning; however, the differ- ily since only the AOD at longer wavelengths (675, 870 and
ences start increasing at one hour before solar noon and read®20 nm) will be checked for triplet variability and in these
the maximum differences of 0.07 to~ 0.08 at one to three fine mode dominated cases both the AOD and its variation
hours after solar noon. Again these much higher Level 1 finds significantly smaller for these wavelengths than the short
AOD in the afternoon coincide with the timing of the diur- wavelength visible and the ultraviolet (340 and 380 nm).

nal convective cloud cycle associated with fair weather (non-

precipitating) cumulus clouds, and the elimination of higher
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Figure 17. Hourly mean fine mode AOD for the GSFC site clima-
tology (1997-2011) for the summer months (June through August).
The red line shows data with no cloud screening (Level 1) com-

A total of 745 days were analyzed, with the values above: thes
showing the number of days for each hour, with the upper numbers
for the Level 1 data and the lower for the Level 2 data.

5 Conclusions

1. Direct sun measurements of AOD at several AERONET

sites during the DISCOVER-AQ field campaign in
Maryland during July 2011 have shown large enhance-
ments in fine mode AOD associated with the timing
of the diurnal convective cycle of fair weather cumu-
lus clouds. The large increases in AOD (doubling at
times) in proximity to larger cumulus cells can some-
times be very rapid, within minutes of cumulus devel-
opment. These relatively high AOD close to cumulus
cloud edges typically exhibit high frequency variability
possibly resulting from the turbulent environment in the
immediate vicinity of convective cells.

. Both AERONET almucantar size distribution retrievals

and time series of Angstrém exponents from before,
during and after cumulus cloud development suggest in
some cases a slight increase in fine mode particle ra-
dius, and in others no significant change in fine mode
particle size. This implies possible new particle forma-
tion and/or humidification of sub-visible-sized (Aitken)
particles into the accumulation mode size range (opti-
cally effective) in addition to existing particle growth by
humidification and/or cloud processing. Several in situ
measurement and modeling studies in the recent litera-
ture have found significant new particle formation from

Atmos. Chem. Phys., 14, 116331656 2014

pared to the blue line with cloud screened data (Level 2 Version 2). S.

6.
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aqueous-phase chemistry within cumulus clouds includ-
ing sulfates, nitrates and secondary organic aerosols.

. In situ measurements made from aircraft in a verti-

cal spiral profile over an AERONET ground site on
one day during DISCOVER-AQ showed very large in-
creases aloft in aerosol scattering coefficient and aerosol
volume after cumulus cloud development as compared
to before cloud formation. This was consistent with
ground-based AOD measurements that showed very
large increases (a factor of 2 to 3) after cumulus devel-
opment, at this same site and date.

. During the DISCOVER-AQ campaign, both MPL and

HSRL lidar measured significant increases in attenu-
ated backscatter and backscatter coefficients coincident
with cumulus development times, and at altitudes corre-
sponding to cumulus cloud height and somewhat below
the cloud base. These data suggest that cumulus clouds
in summer may at times result in significant modifica-
tion of the aerosol vertical profile, at least temporarily
creating an enhanced aerosol layer in the upper half of
the mixed layer.

Airborne HSRL downward viewing lidar enabled the
guantification of the spatial extent of aerosol enhance-
ments in the immediate vicinity of cumulus clouds on
one day during the DISCOVER-AQ experiment. En-
hancements in AOD in the immediate vicinity of cumu-
lus clouds averaged 25 % when comparing data close
to cloud edge vs. measurements taken 2.5 km from the
clouds. Additionally, average backscatter and extinction
at cumulus altitudes< 2 to 2.5 km) increased by 50—
60 % near to cloud vs> 2.5 km distant from the cloud
edge.

Fifteen years of monitoring by sun—sky radiometers at
the AERONET site at GSFC enabled a climatological
perspective of the diurnal variation of AOD in sum-
mer. Analysis of the fine mode AOD component from
the SDA algorithm suggests significant enhancements
in AOD from the late morning to late afternoon, cor-
responding to the timing of the convective cycle that
results in formation of fair weather cumulus clouds.
The three-month June through August seasonal aver-
age AOD (computed from daily means) at GSFC is
~ 10 % higher when allowing these high temporal vari-
ance AOD observations (mainly associated with cumu-
lus clouds) as opposed to the cloud screened (Level 2)
Version 2 AOD. Due to the difficulty in passive satellite
remote sensing of aerosols in close proximity to clouds,
it is likely that satellite estimates of AOD may also be
underestimated in cumulus cloud regimes.

www.atmos-chem-phys.net/14/11633/2014/
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The remote-sensing and in situ data sets acquired during nation in sun photometer data, Atmos. Environ., 45, 6724—6731,

the DISCOVER-AQ campaign in Maryland in July 2011,

doi:10.1016/j.atmosenv.2011.08.Q2D11.

and analyzed in the paper, may potentially provide valuableClarke, A. D., Howell, S., Quinn, P. K., Bates, T. S., Ogren, J.
case studies of observations for comparison to modeling of A Andrews, E., Jefferson, A., Massling, A., Mayol Bracero,

cumulus—aerosol interactions.

0., Maring, H., Savoie, D., and Cass, G.: INDOEX aerosol: A
comparison and summary of chemical, microphysical, and opti-
cal properties observed from land, ship, and aircraft, J. Geophys.
Res., 107, 8033, ddi0.1029/2001JD000572002.
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